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Invasive species are detrimental to native species and when hybridization is 
involved a decrease in biodiversity may result. Cyprinodon variegatus is an 
invasive species that has caused devastation to several Cyprinodon species 
through rapid hybridization and genetic introgression. Cyprinodon rubrofluviatilis 
is native to the Brazos, Wichita and Red Rivers but fish collected between 2006-
2012 from the Brazos River expressed intermediate morphological traits 
suggesting hybridization had occurred. My objective was to investigate if C. 
variegatus and C. rubrofluviatilis had hybridized in the Brazos River and if so, to 
determine the extent of introgression. Molecular analysis of specimens collected 
between 2013-2017 identified low levels of introgression in 2013-2015 but no 
signs of hybridization in 2017. Morphological analysis showed significant 
differences between species, genetic grouping, river, and most drainages with 
little evidence of intermediate phenotypes. Although hybridization and 
introgression between C. variegatus and C. rubrofluviatilis is not widespread, it 
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One of the main goals of conservation biology is to maintain biodiversity, 
the variability of genes, species, and ecosystems on Earth. Biodiversity can be 
increased through speciation. When hybridization results in the convergence of 
two species into one, it can decrease biodiversity if parental species populations 
are lost completely (Perry et al. 2002; Seehausen et al. 2008; Todesco et al. 
2016). Closely related species are more likely to produce viable offspring via 
hybridization than distantly related species because they often have similar 
morphologies, behavioral characteristics and ecological requirements (Hubbs & 
Drewry 1959; reviewed in Epifanio & Philipp 2001; reviewed in Scribner et al. 
2001; Mendelson 2003; Kuriiwa et al. 2007; Keck & Near 2009; Martin & 
Mendelson 2014; Kovach et al. 2015). Hybridization can occur naturally or 
anthropogenically, each with differing outcomes (reviewed in Allendorf & Leary 
1988; Allendorf et al. 2001). Therefore, it is important to understand the type of 
hybridization that is occurring before implementing management activities. 
Natural hybridization occurs without interference from human activity and can 
result in sterile F1 hybrids or lead to natural introgression, backcrossing of 
individuals with both or one parental species. A hybrid zone where hybrid 
offspring are continuously produced can also occur. Additionally, 
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over time the formation of hybrid taxa within the hybrid zone can occur which 
would be an increase in biodiversity. In the case of natural hybridization little 
intervention should occur since these events are not due to anthropogenic 
activity (Allendorf & Leary 1988; Allendorf et al. 2001).  
Anthropogenic hybridization is a direct result of human actions, such as 
introducing previously isolated species into the same environment. The 
outcomes of anthropogenic hybridization need to be considered before applying 
appropriate conservation management actions. As in natural hybridization, sterile 
offspring can be produced and are evolutionary ‘dead ends’ (Leary et al. 1993) 
requiring little management unless they become detrimental to parental species 
via competition for resources (Rhymer & Simberloff 1996; Allendorf et al. 2001; 
Harbicht et al. 2014 ). Anthropogenic hybridization can also result in widespread 
introgression where relic populations of parental species remain and should be 
protected. Complete admixture can also occur where there are no relic 
populations of parental species requiring protection of admixed individuals 
(Rhymer et al. 1994; Allendorf et al. 2001). Heterosis, also known as hybrid vigor, 
results in hybrids with increased performance or fitness relative to both parental 
populations and can increase the success of hybrids (Dong & Zhou 1998; Wang 
& Xia 2002; Nielsen et al. 2010; Allendorf et al. 2013). Although outcomes vary, 
in North America 40% of fish species of conservation concern have been 
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impacted by hybridization and introgression (Williams et al. 1989; Jezkova et al. 
2013). 
Of particular concern for conservation of native species is hybridization 
with introduced or invasive species (Walters et al. 2008; Mooney & Cleland 
2001). In many cases, species that were previously confined to a native range by 
geographical barriers or were physically incapable of dispersal may now be 
introduced to new habitats by anthropogenic means. Not all introduced species 
become invasive, after being introduced into new habitat they must colonize and 
become established. After establishment, if nonnative species disperse and 
replace native species, they are then considered invasive (Allendorf et al. 2013; 
Darling 2014). There is often a time lag prior to an introduced species becoming 
invasive (Mooney & Cleland 2001; Allendorf et al. 2013), and propagule 
pressure, the correlation between the number of individuals and number of 
release events, can play a role in the success of an introduced species becoming 
invasive (Lockwood et al. 2005; Allendorf et al. 2013; McKelvey et al. 2016). With 
globalization, introductions have increased due to world trade and global travel 
with 488 fish species being introduced either from foreign sources or across 
water sheds in the United States between 1951 and 1996 compared to 207 
species between 1850 and 1950 (Mooney & Cleland 2001; Early et al. 2016). 
Anthropogenic activities such as habitat modification can facilitate hybridization 
by removing geographical isolation of closely related species and increase the 
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number of introduced and invasive species (Rhymer & Simberloff 1996; Mooney 
& Cleland 2001; Hayden et al. 2010; Early et al. 2016). Invasive species can 
rapidly produce a hybrid swarm, a population consisting of many generations of 
hybrid individuals, with nonnative species endangering the genetic integrity of the 
native species (Echelle & Connor 1989; Childs et al. 1996; Taylor et al. 2006; 
Walters et al. 2008; Ward et al. 2012; Hasselman et al. 2014; McKelvey et al. 
2016). To protect native species the first step to preventing hybrid swarms is the 
identification of introduced or invasive species. However, if hybridization has 
already occurred identification of hybrid individuals is crucial.  
Prior to the advancement of molecular techniques, identification of hybrids 
relied on the presence of intermediate morphological traits, which may 
underestimate the extent of hybridization due to the presence of cryptic hybrids 
(Seiler et al. 2009). Cryptic hybrids can only be identified through analysis of their 
genetic makeup. Identifying cryptic hybrids provides valuable information to make 
informed decisions regarding conservation management of endangered species 
and species of concern where cryptic hybrids are present (Sunnucks 2000; 
Balloux et al. 2002). Taking a combined approach of morphological and 
molecular identification of hybrids can facilitate prompt management actions in 
ecosystems where invasive species, known to hybridize, are present (Taylor et 
al. 2006; Hayden et al. 2010; Echelle et al. 2013; Murat & Aykut 2014; Pritchard 




Morphological identification often relies on meristic measures which are 
qualities such as counts of fins or scales, coloration and spotting patterns, 
however, a more powerful tool for analysis of morphology is geometric 
morphometrics (Seiler et al. 2009; Hayden et al. 2010). Geometric 
morphometrics allows for quantification and visualization of overall body shape 
changes and how they are related to other variables, providing a statistical link 
between ecology and morphology (Hayden et al. 2010). Geometric 
morphometrics have been used to identify variation in body shape in systems 
where hybridization is occurring (Hayden et al. 2010; Valentin et al. 2014; 
Mengumphan & Panase 2015) and variation between populations of the same 
species with different habitats or ecological conditions (Collyer 2003; Collyer et 
al. 2005; Collyer et al. 2007; Kowalski 2011; Collyer et al. 2015; Tripp-Valdez et 
al. 2012; Keigwin et al 2016; O’Leary et al. 2016).  
Molecular Identification 
Molecular markers are used in ecology to understand evolutionary 
processes such as relationships between species and population dynamics, both 
of which inform management practices (Klein et al. 1997; Sunnucks 2000; 
Balloux et al. 2002; Selkoe & Toonen 2006; Darling 2014; Lamer et al. 2014). 
Microsatellites are frequently used to identify hybridization, population structure, 
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and genetic diversity of species (Sunnucks 2000; Ballox et al. 2002; Guicroux et 
al. 2011; Kirk & Freeland 2011; Abdul-Muneer 2014). Species of conservation 
concern often show low levels of genetic variation at molecular markers, 
especially in small populations, due to genetic drift and inbreeding effects 
(Sommer 2005; Peters & Turner 2008; Šimková et al. 2013). Low genetic 
variation can be detrimental to species as it lowers their ability to adapt to 
changes in the environment. To mediate this effect, management of endangered 
species often involves transplantation from populations with higher genetic 
diversity to those with low genetic diversity (Dudgeon et al. 2006; Abdul-Munner 
2014). 
Cyprinodon variegatus is an invasive species that has been introduced to 
several systems and been found to hybridize with native pupfish species. The 
natural range of C. variegatus is along the coast from the Atlantic Ocean to the 
Gulf of Mexico (Echelle et al. 1972). In the early 1980s, a hybrid swarm was 
rapidly produced with Cyprinodon pecosensis that replaced half of the native 
range of C. pecosensis in the Pecos River in less than 5 years (Echelle & Connor 
1989). After initial evidence of introgression (Echelle & Connor 1989), a follow up 
study using mtDNA and allozymes indicated a cline of allele frequencies (Childs 
et al. 1996). The highest frequency of alleles from C. variegatus were found near 
Pecos, TX suggesting it was the original introduction site (Childs et al. 1996). 
Many factors could have played a role in the success of C. variegatus in the 
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Pecos River. Fish kills could have lowered the number of C. pecosensis, 
increasing the impact of genetic swamping (Childs et al. 1996). Hybrid vigor, 
where hybrid individuals have traits superior to parental species, may have also 
contributed. Evaluation of swimming performance and growth rate indicated that 
C. variegatus and hybrids had better swimming ability and grew at a faster rate 
compared to C. pecosensis (Rosenfield et al. 2004). Finally, female C. 
pecosensis preferred male C. variegatus and hybrids over conspecifics and male 
C. variegatus and hybrids were more aggressive than male C. pecosensis, 
suggesting that sexual selection may have contributed to hybridization 
(Rosenfield & Kodrick-Brown 2003).  
In 1974, C. variegatus was introduced to Diamond Y Draw, a tributary of 
the Pecos River that comprises the entire range of the endangered Cyprinodon 
bovinus (Echelle & Echelle 1997). Eradication efforts took place between 1976 
and 1978 resulting in no signs of introgression by 1982 (Echelle 1987). However, 
C. variegatus was introduced again and introgression was present in 1993 and 
1994 (Echelle & Echelle 1997). In 1998-2000 eradication efforts were used to 
remove hybrid individuals and the population of C. bovinus was replenished from 
pure genetic stock populations. Partial introgression with Cyprinodon elegans 
also occurs in Balmorhea Lake where C. variegatus was introduced in the 1960s. 
Hybridization was found only within a hybrid zone present where the lake meets 
irrigation canals with little signs of introgression outside of the lake (Stevenson & 
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Buchanan 1973; Echelle & Echelle 1994). Postzygotic barriers may contribute to 
the low levels of introgression in this system. Hybrid males have been found to 
have low fertility and backcrosses with C. elegans have reduced fitness (Tech 
2006). Cyprinodon elegans could still be at risk of hybridization if C. variegatus 
was introduced into the nearby canals and springs they occupy.  
Between 2006 and 2010, 11 C. variegatus individuals were found near 
Possum Kingdom Reservoir, the first documented occurrence of this species in 
the middle Brazos River (Gene Wilde written communication 2012). Between 
August and September of 2011, 32 C. variegatus individuals were collected in 
the Brazos River south of Graham, TX at two different sites upstream from 
Possum Kingdom Reservoir (Gene Wilde written communication 2012). 
Cyprinodon rubrofluviatilis, which is native to the middle Brazos River, was not 
found at either of these collection sites. Between June and August 2012, fish with 
intermediate morphological features were collected 60-108km upstream from 
Possum Kingdom (Gene Wilde written communication 2012). Two months later 
in October 2012, putative Cyprinodon hybrids were found 152 km upstream from 
Possum Kingdom (Gene Wilde written communication 2012). Within a six year 
span, C. variegatus appeared to have been introduced and successfully breeding 





Cyprinodon rubrofluviatilis primarily lives in extreme depauperate 
environments, saline waters, low oxygen conditions, and fluctuating water levels 
(Garrett et al. 2002). This species is limited to the Red and Brazos River 
drainages (Echelle et al. 1972). Cyprinodon rubrofluviatilis is both a bottom 
feeder and bottom breeder (Echelle et al. 1972). Three different C. rubrofluviatilis 
forms have been identified; the Red River form, the Colorado River form, and the 
Brazos River form (Echelle & Echelle 1992). 
Genetic Diversity of Cyprinodon rubrofluviatilis 
 The genetic diversity of the C. rubrofluviatilis complex has been 
investigated in several studies (Echelle & Echelle 1992; Ashbaugh et al. 1994; 
(Echelle et al. 2005). It was first evaluated using protein analysis which found 
higher genetic distance between the Red and Brazos forms than between C. 
variegatus and either forms of C. rubrofluviatilis (Echelle & Echelle 1992; 
Ashbaugh et al. 1994). Monophyly between C. rubrofluviatilis forms was detected 
through mtDNA analysis, however, was unresolved due to lack of bootstrap 
support (Echelle et al. 2005). A more recent phylogenetic analysis based on 
mitochondrial sequences showed that the Brazos River form of C. rubrofluviatilis 
was more closely related to other Cyprinodon species than to the Red River form 
of C. rubrofluviatilis (Martin & Wainwright 2011). These results suggest that Red 
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and Brazos forms are not sister species and should be treated separately if 
conservation management is needed. Further, heterozygosity (H) and 
polymorphism (P) of the Brazos River form was much lower than the Red River 
form (Ashbaugh et al. 1994). Low levels of heterozygosity can lead to fixation of 
detrimental alleles that could cause population sizes to decrease due to the 
inability to adapt to changes in the environment.  
Morphological Diversity of Cyprinodon rubrofluviatilis 
Morphological diversity of C. rubrofluviatilis has yet to be quantified 
however, general pupfish morphology is well known. Pupfish body shape has 
been correlated with environmental conditions, where fish in riverine 
environments have slender bodies compared to fish in brackish springs, which 
have deeper bodies (Collyer 2003; Kowalski 2011; Collyer et al. 2015). This 
adaptation allows for better swimming performance of more streamlined fish in 
rivers, reducing drag. Fish in higher salinity environments also have a more 
slender body compared to environments with lower salinity, possibly due to 
differences in water density (Kjerfve 1979). Salinity levels have been associated 
with body shape in closely related species C. pecosensis, C. tularosa, and C. 
variegatus (Wilde & Echelle 1997; Collyer 2003; Collyer et al. 2005; Collyer et al. 
2007; Black et al. 2016; Collyer et al. 2015), with fish in more saline 
environments exhibiting more slender bodies and fish in less saline environments 
exhibiting deeper bodies. Morphological differences were present across 
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populations of C.tularosa and associated with habitat differences. After 
individuals were transplanted from riverine populations to springs or experimental 
ponds individuals displayed deeper bodies after only a few years of isolation 
(Collyer et al. 2007; Kowalski 2011).  
Despite differences in body shape associated with habitat, some studies 
have used morphology to evaluate intermediate phenotypes in systems where 
hybridization has occurred (Wilde & Echelle 1997; Collyer et al. 2015). These 
studies provided evidence that intermediate morphological characteristics were 
present between C. variegatus and C. pecosensis in populations where C. 
variegatus had been introduced. We expect, based on previous studies of closely 
related pupfish morphology, that hybrid individuals should show intermediate 
phenotypes, but habitat conditions may also play a role. Efficient identification of 
hybrids will be key to prompt and efficient management practices to prevent 
hybrid swarms from occurring (Allendorf et al. 2001; Fischer 2013; Bohling 2016). 
In this study we took a combined approach using molecular and 
morphological analysis. Our first objective was to identify if hybridization between 
C. variegatus and C. rubrofluviatilis is occurring within the Brazos River. If 
hybridization is occurring within the Brazos River, our second objective was to 
identify the extent of introgression between C.variegatus and C. rubrofluviatilis. 
Our final objective was to evaluate morphological variation between C. 
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variegatus and C. rubrofluviatilis and evaluate morphological variation across 




MATERIALS AND METHODS 
Collection of Samples 
Fish were collected from tributaries of the Brazos River, Wichita River, and 
Red Rivers (Table 1, Figure 1) using seine and dip nets. Site selection and 
collections were conducted in cooperation with Gene Wilde at Texas Tech 
University. After an overdose of anesthesia, one pectoral fin was clipped and 
preserved in 95% ethanol. Fish were preserved in jars filled with 70% ethanol. 
Fin clips and fish were transported to the lab at Stephen F. Austin State 
University Biology department and stored at room temperature until DNA was 
extracted. 
Molecular Analysis 
A total of 225 individuals were used for molecular analysis (Table 2). 
Genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen) or 
Wizard® Genomic DNA Purification Kit (Promega) using standard protocols for 
tissue. Extracted DNA was quantified using a spectrophotometer (NanoVue) to 
measure absorption. Absorptions at 230, 260, 280, and 320nm, concentration 
(ng/ µl), and 260/280 ratio were recorded for 
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each sample. Absorbances at 230 and 320 nm were used to evaluate purity by 
identifying contaminants. The 260/280 ratio was used to determine quality of the 
sample. A ratio of 1.8 represents pure (uncontaminated) DNA. DNA samples 
were stored at -20°C in the lab.  
Polymerase Chain Reaction was used to amplify DNA using IRD-800 and 
IRD-700 labeled pupfish tetra-nucleotide and di-nucleotide microsatellite primers 
(Table 3, Burg et al. 2002; Iyengar et al. 2004). Each reaction contained 5X 
buffer, 1 Mm MgCl2, 0.5 Mm dNTPs, 0.25 units GoTaq® G2 Hot Start 
Polymerase (Promega), 10 pmol of forward and reverse primer (Gata9), 0.5 pmol 
of forward and reverse primer (Gata73, Cmd16, AC1, and Gata26), 0.4 pmol of 
forward and reverse primer (AC9), 1 pmol of forward and revers primer (AC4), 
0.75 pmol of forward and reverse primer (WSP30), and 1 µl of genomic DNA in a 
10 µl reaction. PCR was run using the following programs: 180 seconds at 95°C, 
35 cycles of 30 seconds at 94°C, 30 seconds at 60°C, 30 seconds at 72°C, and 
72°C for 3 minutes (WSP30), 180 seconds at 95°C, 35 cycles of 30 seconds at 
94°C, 30 seconds at 58°C, 30 seconds at 72°C, and 72°C for 5 minutes 
(Cmd16), 180 seconds at 95°C, 5 cycles of 30 seconds at 94°C, 30 seconds at 
50°C, 30 seconds at 72°C, 32 cycles of 30 seconds at 94°C, 30 seconds at 53°C, 
20 seconds at 72°C, and 72°C for 10 minutes (Gata9, AC1, Gata26,and AC4), 
180 seconds at 95°C, 5 cycles of 30 seconds at 94°C, 30 seconds at 52°C, 30 
seconds at 72°C, 32 cycles of 30 seconds at 94°C, 30 seconds at 55°C, 20 
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seconds at 72°C, and 72°C for 10 minutes (Gata20), 180 seconds at 95°C, 5 
cycles of 30 seconds at 94°C, 30 seconds at 40°C, 30 seconds at 72°C, 27 
cycles of 30 seconds at 94°C, 30 seconds at 43°C, 20 seconds at 72°C, and 
72°C for 5 minutes (Gata73 and AC9). PCR products were visualized using a 1% 
agarose gel. 
Amplicons were electrophoresed on a LI-COR 4300 DNA analyzer using 
standard protocols. PCR products were prepared by adding 2 µl of blue stop 
buffer (LI-COR) and placed in a Mastercycler © ep realplex (eppendorf) 
thermocycler at 95° for 5 minutes. 1 µl of pcr product and 1 µl of IRD-800 or IRD-
700 ladder with size standards of 50-350bp, 50-700bp, or 50-1500 bp was 
loaded into a polyacrylamide gel for electrophoresis. The gel was run for 3 hours 
preceding a 25 minute pre-run. Allele calls were made after calibration of desmile 
lines and the size standard was verified.  
Statistical Analysis 
Allele calls were exported to the program STRUCTURE (Pritchard 2010), 
a Bayesian clustering program, to determine the structure of the population. 
STRUCTURE uses MCMC: Markov Chain Monte Carlo and maximum likelihood 
to assign individuals genotyped at multiple loci to populations (Falush et al. 2007; 
Pritchard 2010). Any missing alleles were given a value of -1 to distinguish them 
from other allele calls. A batch run of a 200,000 burn-in period followed by a 
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100,000 MCMC with a k value of 1-10 replicated 20 times was used to determine 
the best K value to infer the population structure. K can be inferred using the log 
likelihood of each K L(K)=LnP(D), Ln probability of data. L(K) plateaus as it 
approaches the true K value (Pritchard 2010). A second way to infer K is by 
using ΔK, an ad hoc quantity. ΔK is calculated based on the second order rate of 
change of the likelihood. ΔK shows a clear peak at the true value of K (Evanno et 
al. 2005). The program STRUCTURE HARVESTER was used to compare these 
two values (Earl & vonHoldt 2012). STRUCTURE results were then uploaded to 
POPHELPER Structure Web App v1.0.10 to combine structure plots for iterations 
of k values, apply labels and select structure plots corresponding to k values 
obtained from STRUCTURE HAVESTER. STRUCTURE plots for K=2 were also 
obtained to which species each individual was assigned. Individuals showing a 
mixture of the two species were considered hybrids. For all STRUCTURE 
analyses we analyzed the samples by year to look at levels of hybridization 
based on year. However, for all other genetic analyses we left the data set 
separated only by population. 
To evaluate the amount of introgression present, the gametic disequilibria 
(D), non-random association of alleles between loci, was calculated by importing 
allele calls into the program Arlequin (Excoffier et al. 2005). Calculations of D can 
be used to determine the distribution of hybrid genotypes and can provide an 
estimate of time since hybridization began (Allendorf et al. 2013). A high level of 
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D would suggest that hybridization has occurred recently due to higher numbers 
of parental and F1 hybrids (Allendorf et al. 2013). Hybrid swarms that have 
persisted for long periods of time will have genotypes that are randomly 
associated with loci showing a low level of D(Allendorf et al. 2013). In unlinked 
loci, D will decay by one-half each generation, however, closely linked loci will 
show nonrandom association of alleles at different loci (Allendorf et al. 2013). 
Also using Arlequin, FST values, based on differences in allele frequencies, were 
calculated to evaluate gene flow and genetic variation between populations 
(Holsinger & Weir 2009). Statistical significance, a p-value greater than 0.05, was 
achieved through permutation test with 1000 permutations. Corrections for 
unequal sample sizes using the Weir and Cockerham method can produce 
negative values that we report as 0 (Cockerham & Weir 1984). An FST value 
greater than 0.25 indicates very great genetic variation with little gene flow 
(Wright 1978). A value between 0.15-0.25 indicates great genetic variation 
(Wright 1978). Moderate genetic variation would be indicated by a value of 0.05-
0.15. and a value of 0-0.05 would indicate little genetic differentiation with a high 
level of gene flow (Wright 1978 ).  
Morphological Analysis 
 A total of 272 individuals were used for morphological analysis (Table 4). 
Images of the left lateral side of specimens (Collyer et al. 2005; Collyer, et al. 
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2015) were photographed using a Nikon D3000. All specimens were patted dry 
and placed on a white background with a ruler to determine scale. Images were 
either taken with flash mode or without flash mode using a light box. Tps files 
were built from photographs of specimens using tpsUtil64 (Rohlf 2009). Tps files 
were then digitized with thirteen anatomically homologous landmarks as in 
Collyer (2003); Collyer et al.(2005); Collyer, et al. (2007); Collyer, et al. (2015), 
used to estimate size and overall body shape, in tpsDig232 (Rohlf 2009).  
Statistical Analysis 
 All statistical analysis of morphological data was performed using the 
package geomorph in R (Adams et al. 2017). Body shape was quantified using 
geometric morphometrics, and analysis of shape using Cartesian geometric 
coordinates as opposed to linear or areal variables (Collyer 2003; Collyer et al. 
2005; Collyer, et al. 2007; Collyer, et al. 2015). Any missing landmarks due to 
picture quality were estimated using the missing landmark estimation command 
using the thin-plate spine method. A Procrustes analysis which uses least-square 
fitting to rescale and rotate samples to standardize landmarks was used to align 
specimens (Rohlf & Slice 1990; Collyer et al. 2015). Then a principle components 
analysis (PCA) was used to evaluate similarities and differences in shape 
(Collyer 2003; Collyer et al. 2005; Kuhajda et al. 2007; Seiler et al. 2009; 
Kowalski 2011; Mengumphan & Panase 2015). A tangent space plot of PC 
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values with relative warp plots (Collyer 2003; Collyer et al. 2015) was used to 
display relationships of individuals in shape space for all species collectively and 
then for each river separately to show within river comparisons of shape as a 
function of population and river drainage. A nested ANOVA was used to test for 
significant differences among individuals as a factor of genetic grouping, river, 
population and drainage within rivers (Wilde & Echelle 1997; Collyer 2003; 
Collyer et al. 2005; Collyer et al. 2007; Seiler et al. 2009; Kowalski 2011; 
Mengumphan & Panase 2015). For genetic grouping there were three groups: 
Bolivar (C. variegatus), the Brazos River form C. rubrofluviatilis, and the Red 
River form C. rubrofluviatilis. There were four groups when looking at rivers as a 
factor: Bolivar (C. variegatus), Brazos River, Wichita River, and Red River. 
Drainages were broken into six groups: Bolivar (C. variegatus), Salt Fork of the 
Brazos River, Double Mountain Fork of the Brazos River (DMF), South Wichita 
River, North Wichita River, and Red River (Prairie Dog Town Fork of the Red 
River). Post hoc nested pairwise comparisons were used to identify differences in 
shape due to populations and drainages within rivers (Collyer 2003; Kuhajda et 





































































































































































































































































































































































































































































































































































































































































































































































































































Site Year N 
Graham 2013 6 
DMF 2014 8 
Possum Kingdom 2014 13 
SF 380 2014 4 
WR 11-5 2014 7 
Bolivar 2015 12 
PDTF 2015 14 
Possum Kingdom 2015 10 
Elbert 2015 16 
SF 380 2015 19 
NWR 2015 20 
Rotan 2017 8 
Seymour 2017 32 
SF 83 2017 16 
SWR 2017 11 
NWR 2017 13 
RR 6 2017 16 
Total  225 
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Table 3. Microsatellite primer sequences, annealing temperature (TA), and source 












F: AATCATGGCGATGGAAAGAC  
52/55 Burg et al. 2002 
R: AATGACACTTCACATCCAGCC  
Gata26 
F: ACCTCTCAAGGCAAACAACG   
50/53 Burg et al. 2002 
R: TCCCACGATAGCTCAGACG  
Gata9 
F: TCTTGGTGAAAAGGGACTATACG  
50/53 Burg et al. 2002 
R: GCGTTCTCGAGCTTGTTTAG  
Gata73 
F: GGAGACGGTAATCTAGCCAGG  
40/43 Burg et al. 2002 
R: TCCCCTACCACATAGAGAGGG  
AC1 
F: TACCTGTCTGAAGCCTCACT  
50/53 Burg et al. 2002 
R: TTACCGGTGCAGTCAGGCGTGC  
AC4 
F: CTGCTGCAGTCTGCAC  
50/53 Burg et al. 2002 
R: TCACCTCCAAGGTTAGTCAT  
AC9 
F: TAGGCAAGCCATTTATATTC  
40/43 Burg et al. 2002 
R: TGTTCACTCCTTTATTTGCC  
Cmd16 
F: CGGAAATGATATGAGCAGCCC  
58 Burg et al. 2002 
R: GGTCCCATGTTTACCCTC  
WSP30 
F: TTCCCCTTCATCTACACATGC  
60 Iyengar et al. 2004 
R: TCTGGAGCTGCAGCGTACAG  
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Table 4. Population information for morphological analysis. 
Site Year N 
Elbert 2014 3 
Elbert 2015 3 
Knox 2017 30 
Rotan 2017 20 
SF 380 2015 25 
NWR 2015 27 
PDTF 2015 17 
Bolivar 2015 14 
Seymour 2017 25 
SF83 2017 29 
DMF 2014 24 
WR 11-5 2014 17 
WR 8-1 2014 1 
NWR 2017 24 
SWR 2017 13 







 All nine microsatellite loci genotyped were polymorphic with a range of 4 
to 47 alleles (NA) per locus and a mean of 34 alleles across all loci (Table 5). 
Locus Gata26 was monomorphic in 3 populations (DMF, Rotan and Elbert). 
Locus AC4 was monomorphic in 2 populations (DMF and Rotan). Locus AC9 
was monomorphic in 7 populations (DMF, WR 11-5, Rotan, WR 8-1, Graham, 
SWR and RR 6). Locus AC1 was monomorphic in SWR. Locus Gata9 was 
monomorphic in 2 populations (Graham and SWR). Locus Gata20 was 
monomorphic in WR 8-1. The mean polymorphism of each population across all 
loci ranged from 0.4-1 (Table 6). Cyprinodon variagatus populations including 
samples collected from PK and Bolivar had the highest mean polymorphism of 1 
(Table 6). The Red River (0.834), Brazos River (0.824), and Wichita River 
(0.714) all had lower mean polymorphism values, respectively (Table 6). The 
mean number of alleles across all loci for each population ranged from 0.778-11 
alleles per locus (Table 6). Cyprinodon variagatus populations had the highest 
average number of alleles with a mean of 7.278 alleles per locus (Table 6). The 
Brazos River samples had a mean of 4.952 alleles per locus, the Wichita River 
samples had a mean of 3.056 alleles per locus, and the Red River samples had 
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a mean of 4.167 alleles per locus (Table 6). Mean observed heterozygosity (HO) 
was 0.446 across all loci with a range of 0.005-0.857 and mean expected 
heterozygosity (HE) was 0.873 across all loci with a range of 0.687-0.973 (Table 
5). The mean FST value across all loci was 0.205 with a range of 0.043-0.487 and 
the mean FIS value across all loci was 0.430 with a range of 0.082-0.987 (Table 
5). Significant pairwise FST values were found for 55 of 105 population 
comparisons with all significant FST values indicating moderate differentiation to 
very great differentiation (FST > 0.05) except for DMF vs RR6 (Table 7). Genetic 
differentiation between species (Table 8) and genetic grouping (Table 9) was 
very great (FST > 0.25) and statistically significant. Genetic differentiation 
between C. variegatus and C. rubrofluviatilis was 0.583 (Table 8) but the highest 
genetic differentiation was found between the Brazos River form of C. 
rubrofluviatilis and C. variegatus with a value of 0.837 (Table 9). Differentiation 
between the two forms of C. rubrofluviatilis was 0.546 (Table 9) which was 
greater than between the Red River form and C. variegatus with a value of 0.416 
(Table 9). Mean HO was lower than HE for all populations except for Graham, 
Elbert, Rotan, SWR, and RR6 (Table 6). Brazos River samples had a mean HO of 
0.429 and a mean HE of 0.505 which was lower than all other drainages. Wichita 
River samples had a mean HO of 0.601 and a mean HE of 0.690 which was higher 
than all other drainages. Red River samples had a mean HO of 0.554 and a mean 
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HE of 0.516. Cyprinodon variegatus populations had a mean HO of 0.530 and a 
mean HE of 0.823 (Table 6). 
Population Structure: 2013 
Samples that were collected in 2013 from the Brazos River (Graham), C. 
variegatus reference samples (PK and Bolivar) and C. rubrofluviatilis reference 
samples (DMF) indicated a clustering of K=3. Bolivar and PK clustered 
separately with Graham showing evidence of C. variegatus alleles indicating 
admixture with C. rubrofluviatilis (Figure 2A). Using K=2 to show assignment to 
species indicated admixture of Graham samples as well (Figure 2B). 
Population Structure: 2014 
When evaluating a dataset limited to Brazos River samples (SF 380 and 
DMF) and C. variegatus reference samples (PK and Bolivar) collected in 2014, 
STRUCTURE indicated a clustering of K=3. Bolivar, PK, and DMF clustered 
separately with SF 380 showing admixture between Bolivar and DMF (Figure 
3A). For these same samples cluster of K=2 indicated separation between the 
two species with C. variegatus alleles present in Bolivar and PK, C. 
rubrofluviatilis alleles present in DMF, and admixture between the two species in 
SF 380 (Figure 3B). For all samples collected across all rivers (Bolivar, PK, SF 
380, DMF, and WR 11-5) in 2014, STRUCTURE indicated a clustering of K=3 
using the post hoc ΔK method and a cluster of K=4 using the post hoc L(K) 
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method. K=4 is more informative as it separates Bolivar, PK, Brazos River, and 
Wichita River populations showing admixture in SF 380 (Figure 4).  
Population Structure: 2015 
 Using C. variegatus reference samples (PK and Bolivar) and Brazos river 
samples (Elbert and SF 380) collected in 2015 the program STRUCTURE 
indicated a clustering of K=3 using the post hoc ΔK and a clustering of K=4 using 
the post hoc L(K) methods. Using K=3 Bolivar, PK, and SF380 clustered 
separately with Elbert showing levels of admixture between Bolivar, PK and 
SF380 (Figure 5A). Using K=2 admixture between C. variegatus populations and 
C. rubrofluviatilis populations was also observed (Figure 5B). For all samples 
(PK, Bolivar, Elbert, SF380, NWR, and PDTF) collected in 2015, STRUCTURE 
indicated a clustering of K=6 using both the post hoc ΔK and L(K) methods. 
(Figure 6A). K=6 separated Bolivar, PK, Elbert, SF380, WR, and PDTF as 
clusters and showed low levels of admixture with PK in the Elbert population. 
Using K=3 to represent assignment to genetic grouping, the genetic groups 
clustered as expected with the Wichita River and Red River grouping together 
representing the Red River form and Brazos River representing the Brazos form 





Population Structure: 2017 
For samples collected in 2017 using only C. variegatus reference samples 
(PK and Bolivar) and Brazos river samples (Seymour, SF 83, and Rotan) the 
program STRUCTURE indicated a clustering of K=4 using both the post hoc ΔK 
and L(K) methods. Using K=4 Bolivar, PK, and Brazos River drainages (Salt Fork 
of the Brazos and Double Mountain Fork of the Brazos) all clustered separately 
with no signs of admixture except for one individual from SF 380 which could 
have been the result of bad quality DNA as it only amplified at 3 loci (Figure 7A). 
Using K=2 to assign individuals to the two species no admixture was present with 
populations clustering as expected (Figure 7B). For all samples collected in 
2017, STRUCTURE indicated a clustering of K=7 using both the post hoc ΔK and 
L(K) methods. (Figure 8A). K=7 separated Bolivar, PK, Seymour, SF380, Rotan, 
Wichita River samples, and Red River samples, showing no admixture between 
drainages or species.  
Morphology Results 
Body Shape Variation 
 Advanced ANOVA results for all 272 samples revealed significant body 
shape variation for species, genetic grouping, river, drainage, and year (Table 
10) suggesting all factors are important in the morphology of C. rubrofluviatilis 
and C. variegatus. Since there were significant differences in body shape 
between years advanced ANOVA was also run for subsamples by year. 
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Advanced ANOVA results for all years (2014, 2015, and 2017) analyzed 
separately revealed significant body shape variation for species, genetic 
grouping, river, and drainage (Table 11,12, and 13). Pairwise comparisons were 
used to identify where significant differences in body shape were present across 
species, genetic grouping, river and drainages. Pairwise comparisons including 
all 272 samples revealed significant body shape variation across species (Table 
14), genetic groups (Table 15), rivers (Table 16), and drainages (Table 17). 
Pairwise comparisons including 2014 samples only revealed significant body 
shape variation across species (Table 18), genetic groups (Table 19), rivers 
(Table 20), and most drainages except DMF vs SF and SWR vs SF (Table 21). 
For 2015 samples, pairwise comparisons revealed significant body shape 
variation across species (Table 22), genetic groups (Table 23), and rivers (Table 
24). Pairwise comparisons of samples collected in 2017 revealed significant body 
shape variations across species (Table 25), genetic groups (Table 26), rivers 
(Table 27), and most drainages except for DMF vs SWR and DMF vs SF (Table 
28). 
Deformation grids associated with PC1 indicated differences in body depth 
accounting for 37.7% (all), 46.2% (2014), and 39.7% (2015 and 2017) of the total 
variance (Table 29) with PC1 minimum associated with a deeper body and PC1 
maximum associated with a more slender body (Figure 9). Deformation grids 
associated with PC2 illustrated difference in dorsal elevation (landmark 3) 
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accounting for 16.5% (all), 16.1% (2014), 15% (2015), and 16.9% (2017) of the 
total variance (Table 29) with PC2 minimum associated with a more anterior 
dorsal elevation and PC2 maximum associated with a more posterior dorsal 
elevation (Figure 10). Deformation grids associated with PC3 depicted 
differences in snout orientation (landmark 1) accounting for 11.2% (all), 8.5% 
(2014), 11.1% (2015), and 10.4% (2017) of the total variance (Table 29) with 
PC3 minimum associated with a more ventral snout orientation and PC3 
maximum associated with a more dorsal snout orientation (Figure 11). 
Projection of Procrustes aligned specimens in tangent space onto the first 
two PCs show shape differences among the two species accounting for 37.7% 
and 16.5% (All), 46.2% and 16.1% (2014), 39.7% and 15% (2015), and 39.7% 
and 16.9% (2017) of the total variance, respectively (Figure 12 (all), Figure 13 
(2014), Figure 14 (2015), and Figure 15 (2017)). Cyprinodon variegatus 
individuals exhibited a deeper body while C. rubrofluviatilis individuals exhibited a 
more slender body. Projection of Procrustes aligned specimens in tangent space 
onto the first two PCs did not show obvious differences between genetic groups, 
rivers, or drainages as their shape variation are due to differences in 
characteristics other than body depth that can best be visualized through 
deformation grids. 
 Deformation grids of the average body shape for each group allow for 
comparison of body shape among groups. Differences among species were 
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consistent from year to year with C. variegatus exhibiting a deeper body and C. 
rubrofluviatilis exhibiting a more slender body (Figure 16). Body shape 
differences across genetic groupings were most apparent as differences in the 
prominence of the dorsal arch (landmarks 3,4, and 5). Red River form C. 
rubrofluviatilis had a more prominent dorsal arch and the Brazos River form C. 
rubrofluviatilis had a less prominent dorsal arch and more angled pectoral fin 
insert points (landmarks 11 and 12) consistent across all years (Figure 17). 
Variation within the Red River form C. rubrofluviatilis can be illustrated as 
differences between the Wichita and Red Rivers. The Wichita River samples 
displayed a more prominent dorsal arch (landmarks 3, 4, and 5) and a more 
dorsally oriented snout (landmark 1) (Figure 18). Differences between the Brazos 
River and other rivers are explained by differences between genetic grouping 
(Figure 17). We did not have representatives from multiple drainages within any 
one river for 2015 samples therefore, drainages were not analyzed for this year. 
Samples collected in 2014 did include two different drainages for the Brazos 
River however, differences between these two were not significant (Table 21). 
Body shape variation across drainages for 2017 was statistically significant 
across drainages of the Wichita River. NWR exhibited a more prominent dorsal 
arch and a slightly deeper body compared to SWR (Figure 30). Body shape 
variation across drainages of the Brazos River was not significant (Table 28). All 
other shape variation across drainages could be explained by differences in river 
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source except for differences between SF and SWR which were not significant 
(Table 28).   
34 
 
Table 5. Summary of variation for 9 loci across 15 populations. N = number of 
individuals, NA = number of alleles, HO = observed heterozygosity, HE = expected 
heterozygosity, FST = genetic divergence, FIS =inbreeding coefficient and SR = 
size range. 
Locus N NA HO HE FIS FST SR 
Gata26 155 42 0.303 0.687 0.378 0.318 440 
Cmd16 85 33 0.706 0.923 0.159 0.111 208 
Gata9 115 39 0.252 0.917 0.678 0.168 361 
Gata20 51 47 0.667 0.973 0.273 0.069 369 
WSP30 86 45 0.535 0.948 0.416 0.043 290 
AC1 235 29 0.400 0.892 0.377 0.301 106 
Gata73 140 38 0.857 0.953 0.082 0.023 208 
AC4 163 29 0.288 0.864 0.523 0.323 174 
AC9 210 4 0.005 0.704 0.987 0.487 6 



















Table 6. Summary of mean heterozygosity mean polymorphism, and mean 
number of alleles across all populations, drainages and C. variegatus. HO = 
observed heterozygosity, HE = expected heterozygosity, P= polymorphism, and 
mean NA = number of alleles. 
Site mean HO mean HE P mean NA 
Bolivar 0.624 0.890 1 10.889 
PK 0.437 0.755 1 3.667 
Graham 0.334 0.139 0.714 6 
DMF 0.512 0.764 0.625 8.333 
SF 380 0.517 0.704 1 2.556 
Elbert 0.382 0.280 0.857 6.111 
Rotan 0.381 0.248 0.571 4.222 
Seymour 0.341 0.678 1 4.111 
SF 83 0.535 0.723 1 11 
NWR 0.380 0.800 1 9.889 
WR 11-5 0.389 0.799 0.857 4.222 
WR 8-1 1.000 1.000 0.600 0.778 
SWR 0.636 0.160 0.400 3 
PDTF 0.489 0.709 1 1.889 
RR6 0.619 0.322 0.667 2.333 
River mean HO mean HE mean P mean NA 
C. variegatus 0.530 0.823 1 7.278 
Brazos 0.429 0.505 0.824 4.952 
Wichita 0.601 0.690 0.714 3.056 
Red 0.554 0.516 0.834 4.167 




























































































































































































































































































































































































































































































































































































































































































































































































































































Table 8. Pairwise F-statistic (FST) values for species. Calculated as differences in allele 
frequencies and significance achieved through 1000 permutations. FST values in bold are 
significant at P= <0.05. 
 C. rubrofluviatilis C. variegatus 
C. rubrofluviatilis 0  
C. variegatus 0.583 0 
 
Table 9. Pairwise F-statistic (FST) values for genetic grouping. Calculated as differences 
in allele frequencies and significance achieved through 1000 permutations.  FST 
values in bold are significant at P= <0.05. CRR=Red River form of C. rubrofluviatilis, 
CRB= Brazos form of C. rubrofluviatilis, and CV= C. variegatus. 
  CRR CRB CV 
CRR 0   
CRB 0.546 0  


















Figure 2. STRUCTURE bar plots for 2013 samples, C. variegatus reference 
samples and C. rubrofluviatilis reference sample (DMF) (A) ΔK and L(K) 
inference of K=3. (B) STRUCTURE bar plot of K=2 showing assignment to 
species. Population Graham indicates admixture. PK= Possum Kingdom and 










Figure 3. STRUCTURE bar plots for 2014 Bravos River samples and reference 
C. variegatus samples. (A) Using ΔK and L(K) inference of K=3. Population SF 
380 indicates admixture. (B) STRUCTURE bar plot for K=2 also indicating 
admixture in the SF 380 population. PK= Possum Kingdom, SF= Salt Fork 380, 





























Figure 5. STRUCTURE bar plot for 2015 Bravos River samples and reference C. 
variegatus samples. (A) Using ΔK inference of K=3. Admixture present in the 
Elbert population. (B) STRUCTURE bar plot for K=2 representing assignment to 
species. Population Elbert indicates admixture between the two species. 










Figure 6. STRUCTURE bar plot for all 2015 samples. (A) Using ΔK and L(K) 
inference of K=6. Low levels of admixture are present in Elbert. (B) STRUCTURE 
bar plot using K=3 representing assignment to the three genetic groupings. 
Admixture is exaggerated in the Elbert population. PK= Possum Kingdom, SF 











Figure 7. STRUCTURE bar plot of 2017 Brazos River and reference C. 
variegatus samples. (A) Using ΔK and L(K) reference of K=4. (B) STRUCTURE 
bar plot for K=2 representing assignment to species. No admixture is present. 











Figure 8. Figure 2 STRUCTURE bar plot of all 2017. (A) Using ΔK and L(K) 


















Table 10. Summary of advanced ANOVA results for all 272 samples. Values in 
bold are statistically significant. Shape differences were statistically significant for 
Species, Genetic Group, River, Drainage, and Year. 
Source of Variance Df SSE SS R2 F Z Pr(>F) 
Species 270 1.5454 0.18368 0.10623 32.092 6.2491 0.001 
Genetic Group 269 1.4644 0.26471 0.15309 24.313 7.4621 0.001 
River 268 1.4402 0.28892 0.16709 17.921 8.0933 0.001 
Drainage 266 1.3413 0.38775 0.22425 15.379 9.4464 0.001 
Year 269 1.4016 0.32752 0.18942 31.43 8.3856 0.001 
 
Table 11. Summary of advanced ANOVA results for 2014 samples. Values in 
bold are statistically significant. Shape differences were statistically significant for 
Species, Genetic Group, River, and Drainage. 
 Source of Variation Df SSE SS R2 F Z Pr(>F) 
Species 77 0.44929 0.1829 0.28931 31.346 5.5377 0.001 
Genetic Group 76 0.39548 0.23672 0.37444 22.745 6.5244 0.001 
River 75 0.37323 0.25897 0.40963 17.346 7.0336 0.001 
Drainage 74 0.36166 0.27054 0.42793 13.839 7.5139 0.001 
 
Table 12. Summary of advanced ANOVA results for 2015 samples. Values in 
bold are statistically significant. Shape differences were statistically significant for 
Species, Genetic Group and River. 
Source of Variation Df SSE SS R2 F Z Pr(>F) 
Species 81 0.2939 0.112 0.2759 30.87 6.212 0.001 
Genetic Group 80 0.269 0.1368 0.3371 20.34 7.093 0.001 
River 79 0.2384 0.1675 0.4127 18.5 8.068 0.001 
 
Table 13. Summary of advanced ANOVA results for 2017 samples. Values in 
bold are statistically significant. Shape differences were statistically significant for 
Species, Genetic Group, River, and Drainage. 
Source of Variance Df SSE SS R2 F Z Pr(>F) 
Species 170 0.84985 0.20354 0.19323 40.715 6.6319 0.001 
Genetic Group 169 0.80016 0.25324 0.2404 26.743 7.4832 0.001 
River 168 0.75884 0.29456 0.27962 21.737 8.4115 0.001 
Drainage 166 0.7278 0.3256 0.3091 14.853 9.3836 0.001 
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Table 14. Summary of P values for pairwise comparison of species including all 
samples. Values in bold are statistically significant. 
 C. rubrofluviatilis C. variegatus 
C. rubrofluviatilis 1 0.001 
C. variegatus  1 
 
Table 15. Summary of P values for pairwise comparison of genetic grouping 
including all samples. CRB= C. rubrofluviatilis Brazos River form, CRR= C. 
rubrofluviatilis Red River form, and CV= C. variegatus. Values in bold are 
statistically significant. 
 CRB CRR CV 
CRB 1 0.001 0.001 
CRR  1 0.001 
CV   1     
 
Table 16. Summary of P values for pairwise comparison of rivers including all 
samples. Values in bold are statistically significant.  
 Bolivar Brazos Red Wichita 
Bolivar 1 0.001 0.001 0.001 
Brazos  1 0.001 0.028 
Red   1 0.027 
Wichita    1 
 
Table 17. Summary of P values for pairwise comparison of river drainages 
including all samples. DMF= Double Mountain Fork of the Brazos River, NWR= 
North Wichita River, Red= Prairie Dog Town Fork of the Red River, SF= Salt 
Fork of the Brazos River, and SWR= South Wichita River. Values in bold are 
statistically significant.  
 Bolivar DMF NWR Red SF SWR 
Bolivar 1 0.001 0.001 0.001 0.001 0.001 
DMF  1 0.001 0.001 0.001 0.011 
NWR   1 0.004 0.001 0.001 
Red    1 0.003 0.001 
SF     1 0.009 
SWR      1 
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Table 18. Summary of P values for pairwise comparison of species for only 2014 
samples. Values in bold are statistically significant. 
 C. rubrofluviatilis C. variegatus 
C. rubrofluviatilis 1 0.001 
C. variegatus  1 
 
Table 19. Summary of P values for pairwise comparison of genetic grouping for 
only 2014 samples. CRB= C. rubrofluviatilis Brazos River form, CRR= C. 
rubrofluviatilis Red River form, and CV= C. variegatus. Values in bold are 
statistically significant. 
 CRB CRR CV 
CRB 1 0.001 0.001 
CRR  1 0.001 
CV   1 
 
Table 20. Summary of P values for pairwise comparison of rivers for only 2014 
samples. Values in bold are statistically significant.  
 Bolivar Brazos Red Wichita 
Bolivar 1 0.001 0.001 0.001 
Brazos  1 0.001 0.028 
Red   1 0.027 
Wichita    1 
 
Table 21. Summary of P values for pairwise comparison of river drainages for 
only 2014 samples. DMF= Double Mountain Fork of the Brazos River, Red= 
Prairie Dog Town Fork of the Red River, SF= Salt Fork of the Brazos River, and 
SWR= South Wichita River. Values in bold are statistically significant.  
 Bolivar DMF Red SF SWR 
Bolivar 1 0.001 0.001 0.001 0.001 
DMF  1 0.001 0.206 0.03 
Red   1 0.002 0.027 
SF    1 0.084 





Table 22. Summary of P values for pairwise comparison of species for only 2015 
samples. Values in bold are statistically significant. 
 C. rubrofluviatilis C. variegatus 
C. rubrofluviatilis 1 0.001 
C. variegatus 1 
 
Table 23. Summary of P values for pairwise comparison of genetic grouping for 
only 2015 samples. CRB= C. rubrofluviatilis Brazos River form, CRR= C. 
rubrofluviatilis Red River form, and CV= C. variegatus. Values in bold are 
statistically significant. 
 CRB CRR CV 
CRB 1 0.003 0.001 
CRR  1 0.001 
CV   1 
 
Table 24. Summary of P values for pairwise comparison of rivers for only 2015 
samples. Values in bold are statistically significant.  
 Bolivar Brazos Red Wichita 
Bolivar 1 0.001 0.001 0.001 
Brazos  1 0.011 0.001 
Red   1 0.001 












Table 25. Summary of P values for pairwise comparison of species for only 2017 
samples. Values in bold are statistically significant. 
 C. rubrofluviatilis C. variegatus 
C. rubrofluviatilis 1 0.001 
C. variegatus 1 
 
Table 26. Summary of P values for pairwise comparison of genetic grouping for 
only 2017 samples. CRB= C. rubrofluviatilis Brazos River form, CRR= C. 
rubrofluviatilis Red River form, and CV= C. variegatus. Values in bold are 
statistically significant. 
 CRB CRR CV 
CRB 1 0.001 0.001 
CRR  1 0.001 
CV   1 
 
Table 27. Summary of P values for pairwise comparison of rivers for only 2017 
samples. Values in bold are statistically significant.  
 Bolivar Brazos Red Wichita 
Bolivar 1 0.001 0.001 0.001 
Brazos  1 0.001 0.001 
Red   1 0.001 
Wichita    1 
 
Table 28. Summary of P values for pairwise comparison of river drainages for 
only 2017 samples. DMF= Double Mountain Fork of the Brazos River, NWR= 
North Wichita River, Red= Prairie Dog Town Fork of the Red River, SF= Salt 
Fork of the Brazos River, and SWR= South Wichita River. Values in bold are 
statistically significant.  
 Bolivar DMF NWR Red SF SWR 
Bolivar 1 0.001 0.001 0.001 0.001 0.001 
DMF  1 0.003 0.001 0.07 0.086 
NWR   1 0.001 0.001 0.017 
Red    1 0.001 0.001 
SF     1 0.001 
SWR      1 
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Table 29. Summary of PCA results for all samples together and then separated 
by year for PC1-PC3.  
 PC1 PC2 PC3 
 All 
Standard deviation 0.04908 0.03249 0.02667 
Proportion of Variance 0.37749 0.16546 0.11147 
Cumulative Proportion 0.37749 0.54296 0.65443 
 2014 
Standard deviation 0.06119 0.03612 0.02634 
Proportion of Variance 0.46197 0.16095 0.08563 
Cumulative Proportion 0.46197 0.62292 0.70854 
 2015 
Standard deviation 0.0443 0.02728 0.02344 
Proportion of Variance 0.3966 0.1504 0.11105 
Cumulative Proportion 0.3966 0.54698 0.65803 
 2017 
Standard deviation 0.04948 0.03222 0.0253 
Proportion of Variance 0.39745 0.16853 0.1039 















Figure 9. Deformation grids representing differences in shape associated with 
































Figure 10. Deformation grids representing differences in shape associated with 
































Figure 11. Deformation grids representing differences in shape associated with 
































Figure 12. Tangent space plot of PC1 and PC2 for all samples based on 
species. C. variegatus (gray) individuals exhibited a deeper body while C. 
rubrofluviatilis (dark gray) individuals exhibited a more slender body. CV= C. 








Figure 13. Tangent space plot of PC1 and PC2 for 2014 samples based on 
species. C. variegatus (gray) individuals exhibited a deeper body while C. 
rubrofluviatilis (dark gray) individuals exhibited a more slender body. CV= C. 








Figure 14. Tangent space plot of PC1 and PC2 for 2015 samples based on 
species. C. variegatus (gray) individuals exhibited a deeper body while C. 
rubrofluviatilis (dark gray) individuals exhibited a more slender body. CV= C. 








Figure 15. Tangent space plot of PC1 and PC2 for 2017 samples based on 
species. C. variegatus (gray) individuals exhibited a deeper body while C. 
rubrofluviatilis (dark gray) individuals exhibited a more slender body. CV= C. 








Figure 16. Deformation grids representing differences in body shape associated 
with species. Illustrating differences in body depth with C. variegatus exhibiting a 
deeper body and C. rubrofluviatilis exhibiting a more slender body consistent 


































Figure 17. Deformation grids representing differences in body shape associated 
with the two forms of C. rubrofluviatilis. Illustrating differences in prominence of 
the dorsal arch (landmarks 3,4, and 5) and pectoral fin insertion point (landmarks 
11 and 12) with the Brazos River form displaying a less prominent dorsal arch 
and more angled pectoral fin inserts and the Red River form displaying a more 































Figure 18. Deformation grids representing differences in body shape associated 
with rivers. Illustrating differences in prominence of the dorsal arch (landmarks 
3,4, and 5) and snout orientation (landmark 1) with the Wichita River form 
displaying a more prominent dorsal arch and more dorsal snout orientation and 
Red River form displaying a less prominent dorsal arch and more ventral snout 































Figure 19. Deformation grids representing differences in body shape associated 
with drainages within the Wichita River in 2017. Illustrating differences in 
prominence of the dorsal arch (landmarks 3,4, and 5) and body depth with North 
Wichita River (NWR) displaying a more prominent dorsal arch and slightly deeper 




























 Invasive species pose a special problem for native species when 
hybridization is involved. Hybridization can lead to extinction of native species via 
genetic swamping, gene flow from nonnative species that replaces native 
genotypes, or through reduced growth rates related to wasted reproductive effort 
(Todesco et al. 2016). A decrease in biodiversity results from the loss of one or 
both parental species. Understanding the extent of hybridization between 
invasive and native species is crucial for implementing conservation 
management. Our study confirmed that hybridization between invasive C. 
variegatus and native C. rubrofluviatilis occurred in the Brazos River between 
2013 and 2015, as far as 240km upstream from Possum Kingdom Reservoir. 
More recent samples collected in 2017 from this location no longer showed signs 
of admixture in the Brazos River. Nevertheless, the presence of C. variegatus x 
C. rubrofluviatilis hybrids in the Brazos River is a cause for alarm. Additional 
monitoring of this system would help protect the genetic integrity of the Brazos 
River form of C. rubrofluviatilis in the Brazos River. Morphological analysis 
revealed significant differences across species, indicating that there is significant 
body shape variation that could be used to help identify individuals. Cyprinodon 




Although variation was found in body shape between the two species, hybrid 
individuals were not identified based on morphology, suggesting that only 
parental species could be identified morphologically. Hybrid individuals may still 
require molecular identification. 
Hybridization 
 Our study does provide some evidence of hybridization between invasive 
C. variegatus and native C. rubrofluviatilis in the Brazos River between 2013 and 
2015. It is important to note that sample sizes were small for 2013 and 2014 due 
to low quality of DNA. Population structure analysis identified hybrid individuals in 
the Main Brazos (Elbert and Graham) and Salt Fork of the Brazos (SF 380) 
ranging over half of the native range of C. rubrofluviatilis in the Brazos river. 
Where hybrid individuals were present, no pure C. rubrofluviatilis or C. variegatus 
individuals were identified genetically but were identified as C. rubrofluviatilis 
based on morphology. This suggests that hybrid individuals are cryptic and 
cannot be identified based on morphology. Further, Cokendolpher (1980) carried 
out hybridization experiments between numerous Cyprinodon species and found 
that C. variegatus x C. rubrofluviatilis hybrids were not only viable but juveniles 
also exhibited normal growth. F2 hybrids were not successfully bred in these 
experiments (Cokendolpher 1980) and therefore hybrids may only be detrimental 
in terms of wasted reproductive effort (Allendorf & Luikart 2013). Female 
preference experiments have shown that females do not show a preference for 
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conspecifics and that male C. rubrofluviatilis winners required higher levels of 
aggression to outcompete male C. variegatus for breeding sites in dominance 
trials (Becher & Gumm 2018). These results suggest that there is a breakdown in 
reproductive isolation between C. variegatus and C. rubrofluviatilis that may have 
facilitated hybridization in the Brazos River. Higher aggression is more costly for 
male C. rubrofluviatilis when trying to obtain a territory over male C. variegatus, 
resulting in fewer mating opportunities. 
 Patterns of hybridization changed over the sampling period of the study. In 
2016, extensive flooding occurred in the Brazos River hindering collection efforts 
as no fish, regardless of species, could be found at the previously sampled 
locations. However, samples collected in 2017 from the Brazos River showed no 
signs of hybrid individuals. Flooding may have temporarily disrupted the habitats 
of fish in these areas and helped eradicate C. variegatus and hybrids from the 
Brazos River. Studies investigating flooding of other river systems and their 
effects on nonnative species have found that flooding events often eliminate 
nonnative individuals due to differences in life history traits and behavior during 
flooding events (Meffe 1984; Dudley & Matter 1999; reviewed in Lytle & Poff 
2004; Bunn & Arthington 2002). Flooding of arid streams at a magnitude of two 
orders above normal discharge eliminated all nonnative fauna with little effect on 
native fauna (Minckley & Meffe 1987). Record flooding of Sabino Creek in 
Arizona during the winter of 1992-1993 eliminated nonnative western mosquito 
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fish based on pre-flood and post flood surveys (Dudley & Matter 1999). The 
Brazos River is historically susceptible to flooding but changes to flow regime via 
impoundment have decreased these events which may provide nonnative fish 
the opportunity to become established (Vogl & Lopes 2009). Differences in 
evolutionary history related to adaptation to native environments may have given 
C. rubrofluviatilis an advantage over C. variegatus and hybrids allowing them to 
quickly become reestablished in areas that were infiltrated after major flooding. 
Had these flooding events not occurred there is a possibility that C. variegatus 
could have impacted the Red River form of C. rubrofluviatilis like it did C. 
pecosensis in the Pecos River (Childs et al. 1996). 
Genetic Differentiation and Variation 
 Genetic differentiation was present between most populations suggesting 
that populations are well isolated with little gene flow (Table 7). While genetic 
differentiation was high between C. variegatus and C. rubrofluviatilis (Table 8), 
the highest genetic differentiation was found between the Brazos River form of C. 
rubrofluviatilis, present in the Brazos River, and C. variegatus (Table 9). 
Therefore, the Red River form of C. rubrofluviatilis, present in the Red and 
Wichita Rivers, was found to be more closely related to C. variegatus than the 
Brazos River form. Our results show that the Brazos River form and the Red 
River form of C. rubrofluviatilis are not sister species and should be considered 
separately if conservation management is needed (Echelle & Echelle 1992; 
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Ashbaugh et al. 1994; Echelle et al. 2005; Martin & Wainwright 2011). We did not 
run separate analyses for each year, therefore, populations that were admixed 
for some years may have caused FST values to be lower, confounding results. 
However, the Brazos River form of C. rubrofluviatilis was found to be more 
distantly related to C. variegatus; it is unlikely that values varied enough to 
change the interpretation. 
 Genetic variation differed between the groups studied. Genetic variation 
was relatively low, particularly in the Brazos River as previously reported for 
allozymes (Ashbaugh et al. 1994). Low genetic variation increases the risk of 
extinction (Frankham 2005). The mean observed heterozygosity for the Brazos 
River (0.43) is slightly below the average observed heterozygosity for freshwater 
species (0.46-0.58) (DeWoody & Avise 2005; McCusker & Bentzen 2010). 
Wichita River samples (0.60), Red River samples (0.55), and C. variegatus 
samples (0.53) were all within the average range for mean observed 
heterozygosity values. This suggest that the Brazos River form of C. 
rubrofluviatilis has lower genetic adaptive capability and hybridization could more 
easily eliminate their unique genetic integrity compared to the Red River form of 
C. rubrofluviatilis (Allendorf et al. 2013; Todesco et al. 2016). Polymorphism was 
relatively similar for the Brazos River (0.82) compared to the Wichita (0.71) and 
Red (0.83) Rivers contrasting previous studies (Ashbaugh et al. 1994) but higher 
than the average polymorphism (0.60) for microsatellite loci of freshwater fish 
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(Hughes et al. 2015). The Brazos River samples actually had the highest 
average number of alleles across all loci (4.95) compared to the Red (4.17) and 
Wichita (3.06) Rivers but still below the average number of 7.5-8 alleles per locus 
for freshwater species (DeWoody & Avise 2005; McCusker & Bentzen 2010). 
Cyprinodon variegatus samples had 100 percent polymorphism and an average 
number of 7.23 alleles per locus, which is much closer to the average for 
freshwater fish. A metanalysis comparing genetic diversity between threatened 
species and species of least concern found there were no significant differences 
in heterozygosity, however, the number of alleles were significantly less in 
threatened species compared to species of least concern (Willoughby et al. 
2015). This suggest that the number of alleles per locus may be a better 
measure of genetic diversity when looking at fish species. C. variegatus was 
found to have higher genetic variation and would have an adaptive advantage 
over the Brazos form of C. rubrofluviatilis. Low genetic variation has been linked 
to extinction (reviewed in Frankham 2005) and high genetic variation has been 
linked to abundance in fishes (McCusker & Bentzen 2010). 
Morphological Diversity 
 Morphological differences in body shape between C. variegatus and C. 
rubrfluviatilis were found. Cyprinodon variegatus exhibited a deeper body while 
C. rubrofluviatilis exhibited a more slender body. This may be due to habitat 
differences, as seen in other studies on pupfish morphology (Collyer 2003; 
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Kowalski 2011; Collyer et al. 2015). Fish in the Brazos, Wichita, and Red Rivers 
experience faster moving water where a streamlined body would be more 
beneficial for reducing drag (Vogel 1996) and lowering energetic cost (Webb 
1997) compared to the slow moving pools that C. variegatus was collected from. 
This pattern is as expected, and was found in previous studies in similar species 
(Wilde & Echelle 1997; reviewed in Black et al. 2016; Collyer et al. 2015). Body 
shape differences were present across different genetic groupings, rivers, and 
drainages of C. rubrofluviatilis but correct identification of characteristics without 
morphological analysis would be extremely difficult and unlikely to be accurate in 
field settings. The Red River form of C. rubrofluviatilis has a more prominent 
dorsal arch compared to that of the Brazos River form of C. rubrofluviatilis. 
Having a less prominent dorsal arch allows water to flow more easily over the 
fish when swimming. A less prominent dorsal arch is more energy efficient than a 
more prominent dorsal arch and would be beneficial in the Brazos River where 
fish experience periodic flooding increasing the flow of water (Vogel 1996; Webb 
1997). The Brazos River form of C. rubrofluviatilis also had more angled pectoral 
fin inserts that may assist in swimming performance by decreasing inertial drag 
when swimming in faster moving water (Helfman et al. 2009). To my knowledge 
no study has looked at the angle of pectoral fins and the impact on swimming 
performance and could be a new area of study in this system. The Brazos River 
collection sites were also shallower and had more vegetation compared to the 
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Red and Wichita Rivers. Fish have been found to have a more slender body in 
shallow water compared to deeper water (Leal et al. 2011) and could also be a 
factor explaining differences in body shape. There were significant differences in 
body shape within the Red River form of C. rubrofluviatilis. Fish sampled from the 
Wichita River had a more prominent dorsal arch and a more dorsally oriented 
snout. Snout orientation is often associated with feeding habits and prey 
preferences (Helfman et al. 2009). Cyprinodon rubrofluviatilis feeding was not 
observed in this study. Previous studies looked at gut contents and found 78% 
consisted of bottom sediments which could be a source of diatoms, algae, 
protozoans, and debris (Echelle 1972). Other gut contents included vegetation 
and animal items (Echelle 1972). While fish were observed mostly feeding at the 
bottom they were also frequently seen feeding at all levels including at the 
surface, feeding on floating algae mats and debris (Echelle 1972). The Wichita 
River had deeper pools and small shallow runs with more vegetation compared 
to the Red River which had narrow runs and virtually no vegetation. Differences 
in water depth and water flow could help explain the differences in prominence of 
the dorsal arch. The Wichita River collection sites had substrates comprised of 
mud or gravel while the Red River substrate was comprised of sand that 
resembeled quicksand. These differences in substrate may help explain variation 
in snout orientation, however, more research is needed. Fish may only be able to 
get food from the substrate in the Red River but can feed on algae mats and 
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debris at the surface or algae attached to vegetation in the Wichita River. 
Samples collected from the North Wichita River had a deeper body and a more 
prominent dorsal arch compared to the South Wichita River. The North Wichita 
River collection site had small shallow runs and deeper pools while the South 
Wichita River had narrow channels. During times of heavier flow fish in the North 
Wichita River could retreat to the deeper pools not needing the adaptation of a 
streamline body. Understanding these differences could be used to inform 
translocation of individuals into the Brazos River if needed, as morphology may 
be related to functionality in different habitats (Schoenfuss & Blob 2007). On the 
other hand, morphological compatibility may not be as important as genetic 
compatibility because pupfish have been shown to exhibit changes in 
morphology when introduced to new habitats over short periods (Lema & Nevitt 
2006; Collyer et al. 2015). 
Conservation Implications 
 Although hybridization does not appear to be a current threat, the fact that 
hybrid individuals were identified on a genetic basis in 2013-2015 suggests that 
C. variegatus poses a threat to C. rubrofluviatilis. Putative hybrids that were 
collected between 2009-2012 were identified using meristic counts of belly scales 
and color variation. DNA from these individuals was not well preserved and failed 
to amplify at microsatellite loci so molecular confirmation of hybrids was not 
possible. Morphological analysis using geometric morphometrics indicated that 
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shape variation was present between C. variegatus and C. rubrofluviatilis. 
However, no hybrid individuals were identified based on morphology alone. This 
suggest that morphological identification of hybrids may be unreliable as cryptic 
hybrids are possible. Genetic analysis suggests that the Red River form of C. 
rubrofluviatilis and the Brazos River form of C. rubrofluviatilis has greater genetic 
differentiation than between the Red River form of C. rubrofluviatilis and C. 
variegatus. Further, there was statistical differences in body shape between the 
Red River from of C. rubrofluviatilis and the Brazos River form of C. 
rubrofluviatilis. Based on our study and others (Echelle & Echelle 1992; 
Ashbaugh et al. 1994; Echelle et al. 2005; Martin & Wainwright 2011), the two 
forms of C. rubrofluviatilis should be separated into two species. Conservation 
action should focus on conservation of the Red River and Brazos River forms of 
C. rubrofluviatilis separately  
 The identification of hybrids would be important in implementing 
conservation action and genetic monitoring of this system should be used until 
verification of morphological techniques can be simplified. If hybrid individuals 
are found, conservation management similar to that of other closely related 
species may be beneficial. Conservation efforts for closely related species, C. 
elegans (Echelle & Echelle 1992), C. pecosensis (Garrett et al. 2002a; reviewed 
in Black et al. 2016), C. bovinus (Garrett et al. 2002b), C. tularosa (Pittenger & 
Springer 1999; Collyer 2003), and C. macularius (Dunham & Minckley 1998), 
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have involved the creation of refugia, eradication of C. variegatus, and the 
creation of stock populations for repopulating areas where no pure parental 
species remain. The creation of refugia, areas in the wild that aid in the 
persistence of species by providing them with habitat free of threats, would allow 
for populations to be maintained in the absence of C. variegatus, conserving the 
Brazos River form of C. rubrofluviatilis and allowing for possible translocation 
back into the Brazos River. Stock populations are similar to refugia but are 
maintained in a laboratory setting. Refugia have been used with great success 
for C. elegans, C. tularosa, and C. macularius (Koike et al. 2008) that have been 
threatened by loss of habitat. Periodic supplementation of refugia with individuals 
from wild populations would be required because divergences between wild and 
stock populations have been documented (Dunham & Minckley 1998; Echelle et 
al. 2000; Koike et al. 2008; Black et al 2016). Declines in genetic variation were 
found in refuge populations compared to wild populations of C. macularius and 
C. eremus (Koike et al. 2008). Drawbacks to forming a refugium would be the 
amount of time and additional research required to identify which populations 
within the Brazos River should be used to create such a refugium and where one 
could be built that would most closely resemble habitat and environmental 
conditions (Keppel et al. 2015).  
Eradication of C. variegatus and hybrids is a costly endeavor, limiting its 
practical application. Eradication of hybrids from Diamond Y Springs to protect C. 
73 
 
bovinus began in 1976 with remarkable success leading to no signs of 
introgression in 1982 (Echelle et al. 1987). However, introgression with C. 
variegatus was found to be present in 1993 and 1994 (Echelle & Echelle1997) 
requiring eradication efforts using both a fish toxin (1998) and removal by seining 
(2000). After removal of hybrids, individuals from a pure C. bovinus stock 
population were released. If genetic stock populations hadnot been available, C. 
bovinus may have been completely lost suggesting that eradication alone is not a 
good approach. Eradication alone also failed when it was implemented in 
Balmorhea Lake in 1998 to protect C. elegans from introduced C. variegatus 
(Garrett 2004). Some C. variegatus survived applications of a fish toxin (Garrett 
2004). Little signs of introgression have been found outside of the hybrid zone 
(Echelle & Echelle 1994). Another study found the presence of possible 
postzygotic barriers causing male hybrids to have lower fertility and the presence 
of a female bias ratio in several crosses (Tech 2006). Even though pure C. 
variegatus and C. rubrofluviatilis can easily be identified based on body shape, 
hybrid individuals may be cryptic and therefore impossible to identify based on 
morphology alone. The additional time needed to verify hybrids based on 
molecular techniques would be detrimental, potentially allowing additional 
reproduction between hybrids and C. rubrofluviatilis. If morphological 
characteristics are found that consistently identify hybrid individuals, higher 
success could be achieved using this method. However, this would still be time 
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consuming and some individuals may be missed during capture. Fish toxins 
would also not be appropriate as the Brazos River is home to other native fish 
such as the endangered sharpnose shiner (Notropis oxyrhynchus) and smalleye 
shiner (Notropis buccula).  
Stock populations could be used as a genetic reservoir if there is a major 
loss of individuals in the wild. Maintaining fish in the lab would require constant 
maintenance but would allow for the best control over genetic characteristics that 
can be optimized based on the population the fish will be used to repopulate. 
Two genetic stock populations have been created for C. elegans, representing 
two distinct populations in the wild, that have been used to supplement wild 
populations (US Fish and Wildlife Service 2013). These stock populations are 
maintained and can be used in the case of hybridization with C. variegatus or 
other catastrophic events. Cyprinodon bovinus may have gone extinct had stock 
populations not been available when C. variegatus was introduced and 
hybridized in Diamond Y Draw. A drawback to this method would be if lab reared 
fish had a disadvantage when released into the wild due to differences in 
environment (reviewed in Einum & Fleming 2001; Araki et al. 2007; reviewed in 
Williams & Hoffman 2009). To overcome this hurdle, matching refugium or stock 
population conditions as closely as possible to natural environmental conditions 
and supplementing with individuals from wild populations would be crucial. The 
best approach may be to combine two or more of these methods to best 
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conserve the Brazos River form of C. rubrofluviatilis if C. variegatus and hybrids 
are again identified in the Brazos River.  
 The best conservation management action is to identify early signs of 
hybridization before it becomes a problem. Annual or semi-annual collections 
could be used to monitor the presence of C. variegatus in the Brazos River and 
for molecular and morphological analysis to identify if hybrids are present. If 
present, prompt management action would prevent the devastation that occurred 
in the Pecos River with C. pecosensis. Currently the genetic integrity of the Red 
River form of C. rubrofluviatilis appears to be safe from the impact of C. 
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